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INTRODUCTION

T hermoset acrylic-rnelamine resins are widely used
for automobile exterior coatings. These materiaJs
are formed by reacting an acrylic polyol with an

alkylated melamine. However, the ether cross)inks of
acrylic-meJarnine coatings are known to be susceptibJe
to hydrolysis when exposed to moist environments.
Under outdoor and artificial acid rain environments,
acrylic-melamine coatings undergo etching, which is
primarily a resuJt of acid hydroJysis of the crossJinks.l.5
A particular attribute of etching is the localized Joss of
material, resulting in pitting of the coating surface. In
the presence of ultraviolet (UV) light, the hydrolysis
process becomes more complex. For example, the hy-
drolysis in Miami, FL, has been observed to be faster
than that in Phoenix, AZ.6 Numerous studies using con-
trolled environments aJso showed that, in the presence
of UV light, the hydrolysis rate is greater than the sum
of dark hydrolysis and photolysis combined!12The en-
hanced degradation, which follows closely with the hy-
drolysis rate and relativehurnidity (RH) levels, not on-
ly occurs at the acrylic-melamine crosslink and in the
melamine chains but also on the acrylic resin struc-
ture.12 Enhanced degradation in UV /humidity condi-
tions has been variously attributed to melamine excited-
state chemistry,7 oxidized products of forma.ldehyde,9
catalysis by carboxylic acids produced by the photooxi-
dation,6 and chromophoric activity of formaldehyde
molecules released from the hydrolysis reactions.12

The most comprehensive study of the hydrolysis of
both fully and partially alkylated melamine coatings in
the absence of UV lIght was conducted by Bauer.13 He
showed that the rate of hydrolysis depends on the type
and concentration of acid curing agents, hydrolysis
temperature, and type of melamine resin. During hy-
drolysis, the ether cross links are broken and the
melamine-melamine linkages are formed, and {;oatings
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coatings. This research is part of a larger effort at th
National Institute of Standards and Technology to de
veIop metrologies for relating outdoor exposure per-
formance with accelerated testing results and to devel
op improved methodologies for predicting the servic
lives of polymeric coatings.

EXPERIMENTAL CONDITIONS AND
PROCEDURES*

Materials
Materials and sample preparations procedures were
mentioned previously.1l Briefly, samples were prepared
from a mixture of a hydroxy-terminated acrylic resin
and a partially methylated melamine resin. The acrylic
material contained 68% normal butylmethacrylate, 30%
hydroxy-ethylacrylate, and 2% acrylic acid (all are ex-
pressed in mass fraction), and the melamine resin was
Cymel 325 (Cytec Industries). The ratio of acrylic resin
to melamine resin was 70:30. It should be noted that,
other than the 2% organic acrylic acid, no strong acid
catalyst was added to this model coating formulation.
Calcium fluoride (CaF2) plates with a diameter of 100
mm and a thickness of 2 mm were used as the substrate
for the exposure study due to their transparency in the
0.13 to 11.5 ~m optical region and their resistance to
moisture and heat.16 Coatings were applied to CaF 2
plates by spin casting. Acrylic and melamine resins in
respective solvents were mixed at the required ratio, de-
gassed, flooded onto the substrates, and spun at 2000
rpm for 30 sec. Coated samples were then cured at
130°C for 20 min. All samples were fully cured, as evi-
denced by the lack of further reactions after prolonged
heating at the same temperature. The cured film had a
thickness of 10 ~m:t 1.2 ~m (the number after the:t sign
indicates one standard deviation) and a glass transition
temperature (T g) of 45°C :t 2°C (by differential scanning
calorimetry). Figure 1 shows the postulated chemical.
structure of the cured acrylic-melamine films used in
this study.

based on partially alkylated melamines hydrolyze
much faster than do fully alkylated coatings. In mild
acid conditions, the cro~links of methylated melamine-
based coatings hydrolyze faster than the unreacted
methoxy groups of the melamine.13 However, in strong
acid solutions, the melamine methoxy has been report-
ed to hydrolyze first, followed by hydrolysis of the
crosslinks.4 Hydrolysis rate dependence of melamine
alkoxy ether on the chemical structure and pH is clear-
ly revealed from solution studies by Berge and cowork-
ers.14.15 In mild acid solution, methylated trimethylol
melamine (a partially alkylated melamine) hydrolyzes
approximately 45 times faster than hexamethylol
melamine (a fully alkylated melamine) while, in strong
acids, the latter hydrolyzes almost 30 times faster than
the former.

Despite such extensive research on the etching and
hydrolysis of acrylic-melamine coatings, little informa-
tion exists on the mode for the hydrolytic degradation
of these materials. Further, although general hydrolysis
schemes for acrylic-melamine coatings are available,l3
specific hydrolysis pathways for these materials are not
known. This study presents the mode and pathways
that form carboxylic acids and primary amines for the
degradation of coatings based on a partially methylated
melamine and a hydroxy-terminated acrylic resin ex-
posed to water vapor in the absence of UV light. (By
mode, it is meant whether the degradation is uniform
across the surface or is concentrated at specific locations
so as to result in pitting.) Specific hydrolysis pathways
are presented based on Fourier transform infrared
(FTIR) spectral evidence, and the degradation mode is
proposed based on atomic force microscopy (AFM)
nanoscale images of the coating microstructure and its
surface morphological changes during hydrolysis. In
addition, a water vapor sorption experiment was car-
ried out to provide information on the water concentra-
tion in the film and the nature of interactions between
water and acrylic-melamine coatings at different RH
levels. Information on the mode and mechanism of the
hydrolytic degradation is essential for understanding
the controlling factors responsible for coating failures
during service and for helping to develop more durable

Instrumentation and Exposure Conditions

Complete details on the exposure cell, instrumenta-
tion, and controlled systems are given in reference 17.
This section briefly describes the instruments and ex-
perimental procedures pertinent to this study; that is,
hydrolysis at different relative humidities in the absence
of UV light.

The exposure cells were designed to simultaneously
expose different sections of the same film to different
conditions of RH, UV, and temperature (T). Nominal
RH levels of« 1,20,40,70, and 90% and at a tempera-
ture of 50°C were employed for this study.. Figure 2a dis-
plays a photograph of three exposure cells along with
the tubing system for carrying air at the desired RH and
temperature, and Figure 2b schematically shows the

'Certain commercial products or equipment are described in this paper in order to spec-
ify adequately the experimental procedure In no case does such identIfication imply recom-
mendation ar endorsement by the National Institute of Standards and Technology, nor docs
it impiy that it is necessarily the best available far the purpose
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cross-section of the exposure cell. Each cell consisted of
a 12-window aluminum frame. a quartz plate. and a
100-mm diameter CaF2 plate with a film of the coating
applied to it. One window was completely covered with
an aluminum plate to prevent radiation from impinging
upon the coating (designated as no-UV or covered). bne
exposed to full UV spectrum. and 10 contained interfer-
ence filters transmitting different spectral ranges and in-
tensities of UV light. Care was taken to ensure that no
radiation strayed onto the no-UV (covered) coating
area. The space between the quartz plate and the coat-
ed-CaF2plate forms the sample exposure chamber. Each
exposure cell contained an inlet and an outlet that al-
lowed fresh air of the desired T and RH to continuous-
ly enter the sample exposure chamber and let the outgo-
ing air vent to the outside of the cha~per. Each exposure
cell was equipped with a thermocouple and a chilled-
mirror hygrometer to monitor T and RH. respectively. It
should be noted here that. during the early stage of ex-
posure. essentially no photodegradation was observed
in the specimens beneath the filters. The results of these
specimens were included in the analysis of hydrolysis
rates. For that reason, the description of specimens un-
der the interference filters is included in this section.

Two temperature-humidity generators. based on the
principle of dry/moisture-saturated air mixture. sup-
plied the desired relative humidities.12 Each tempera-
ture-humidity generator was capable of providing air at
one temperature and up to four different RH levels. The
RH and T in each cell were controlled by a feedback sys-
tem, which tracked RH and T three times per second.
RH and T in each exposure cell could be independently
controlled and maintained to within :t 0.5°C and :t 3%.
respectively. of the preset values.

Atomic Force Microscopy (AFM)

Tapping mode AFM was used to provide informat'on
on nanoscale surface microstructure and morpho log of
the coating before and during exposures. In AFM a
sharp tip located at the end of a cantilever beam is
scanned across the sample surface. For tapping m de
AFM. the cantilever is oscillated at a frequency near its
resonance. typically. a few hundred kHz. so that the ip
makes contact with the sample only for a short durati n
in each oscillation cycle. As the tip approaches the sa -
pIe. the tip-sample interactions change the amplitu e.
resonance frequency. and phase angle of the oscillati g
cantilever. Monitoring changes in the amplitude a d
phase angle would provide the topographic (or heig t)
image and phase image. respectively. Phase angle sift
is sensitive to changes in sample properties. Therefo e.
phase imaging often provides significantly more c n-
trast than topographic image and has been shown to be
a useful technique for studying surface heterogene ty
with nanoscale lateral resolution. IS

AFM measurements were performed using a
Dimension 3100 Scanning Probe Microscope (Digi al

Water Sorption Measurement

Free standing film specimens from the same coating
formulation having a dimension of approximately
0.15 x 3 x 6 mm were employed for water sorption
measurement at different relative humidities. Free films
were prepared by drawdown on poly(ethylene tereph-
thalate) sheets attached to an aluminum substrate.
Spacers were used to control the film thickness. The
films were cured at 130°C for 20 min. similar to that
used for the hydrolysis study. The sorption was per-
formed in a Hidden ISAsorp Moisture Sorption
Analyzer. which is equipped with a microbalance hav-
ing a resolution of 1 x 10-7g. The instrument can accu-
rately control the environmental chamber to within :t
1 % of the preset values of RH from 0 to 90% and :t
0.05°C of T from 5° to 70°C. respectively. The sorption
isotherm was generated using the isothermal mapper
mode. In this mode. the instrument is programmed to
record .the water uptake at the higher specified RH after
reaching the equilibrium uptake of the lower specified
RH. In the isotherm mode. only one specimen is re-
quired for the whole RH range. Before starting the ad-
sorption process. specimens were dried at 60°C in the
analyzer using the drying mode until no further de-
crease in the sample mass was observed. Unless other-
wise stated. the results were the average of the three
specimens.

Figure 2':-(a) A photograph of severa/expo-
sure cel/$ underneath the lightsoutceand (b)
cross-section of an exposure cel/showing the
quartz plate. the coated CaF2' and the
space containing the sample exposure envi-
ronment.
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Instruments) under ambient conditions (24°C and 45%
RH). AFM images taken during exposure were obtained
from the same specimens used for FTIR analysis. A spe-
cialholder was fabricated so that the 100 mm diameter
coated sample could be secured repeatedly in the same
orientation. AFM images were taken approximately at
the same sample area for every measuring time by us-
ing a reference mark and controlling the x-y stage. More
details on this procedure are described elsewhere.19
Both topographic and phase images were taken using a
tapping force of between 50 and 70% of the free ampli-
tude. Silicon tips having a drive frequency of approxi-
mately 300 kHz and a radius of approximately 5 nm
were employed.

the course of exposure, even at elevated temperature,
The maximum coefficient of variation, i.e" (standard de
viation/mean) x 100, of the five RH levels studied wa
3% during the six months of exposure. The coefficient 0
variation for the 50°C temperature was < 1 %. The RH a
0.002% (designated as « 1% or very dry) was estimat
ed from the Table of Vapor Pressure of Water,z° given th

~50°C exposure temperature and the -70°C dew poin .
The RH sensor, i.e., the chilled-mirror hygrometer, wa
not sensitive enough to record this low RH.

Fourier Transform Infrared Spectroscopy Analysis

Coating hydrolysis was followed by FTIR spec-
troscopy in the transmission mode using an autosam-
pIing accessory. At each specified time, coated CaF 2
plates were removed from the exposure cell and fitted
into a demountable 150 mm diameter ring of the auto-
sampling device. The ring was computer-controlled and
could be rotated and translated to cover the entire sam-
pling area. Spring-loaded Delrin clips ensured that the
specimens were precisely located and correctly regis-
tered. This automated sampling system allowed unat-
tended, efficient, and speedy recording of the FTIR
transmission spectra of the coating at all 12 windows
before or at each exposure time. A photograph of the au-
tosampler loaded with specimens is given in reference
11. Since the exposure cell was mounted precisely in the
autosampler, errQr due to variation of sampling at dif-
ferent exposure times was essentially eliminated. The
specimen-contained autosampler was placed in an FTIR
spectrometer compartment equipped with a liquid ni-
trogen-cooled mercury cadmium telluride (MCT) detec-
tor. Spectra were recorded at a resolution of 4 cm-1 us-
ing dry air as the purge gas. All spectra were the
average of 132 scans. The peak height was used to rep-
resent IR intensity, which is expressed in absorbance, A.
Except for the « 1% RH exposure condition where four
specimens were employed, only one specimen was used
at other RH levels.

Water Sorption Characteristics

Figure 3 displays the equilibrium water uptake as
function of relative humidity (sorption isotherm) a
50°C for the model acrylic-melamine coating used i
this study. In this figure, the moisture contents (% equi
librium mass of water uptake with respect to the d
mass of the coating) at 50, 60, 80, and 95% RH were ob
tained from only one specimen. However, the dat
point for each of the other five RH levels was the aver
age of three specimens. Figure 3 includes the one stan
dard deviation error bars at the multiple sample dat
points, which show that variation between the sample
is small. Equilibrium moisture contents and water solu
bilities of the coating at the five relative humidities use
in this hydrolysis study are presented in Table 1.
Solubility is expressed as moles of water (i.e., equilibri
urn mass of water uptake divided by the molecula
mass of water) per 100 g dry coating film. The water va
por adsorption in these acrylic-melamine coatings is al
most linear between zero and 50% RH but increase
more rapidly thereafter, reaching a value of about 1.8
at 90.8% RH..

The sorption isotherm shown in Figure 3 provides es
sentiallnformation not only on the hydrolysis kinetic
(a function of water concentration) but also for under
standing how water sorption characteristics in a
acrylic-melamine coating varies with RH change. Th
isotherm in Figure 3 is of the Type III in the BE
(Brunauer, Emmett, and Teller) classification.21 Excep
for the magnitude, the shape of this curve is similar t
those of cellulose acetates,22 acrylic polymers!3 an
polyamides24 at 50°C. For this type of sorption (upwar
curvature), the heat of adsorption of the water vapor 0
an adsorbate is similar to or less than the heat of co -
densation of the water vapor.21 For the acrylic-melamin
material, this means that the interaction between wate
molecules themselves is energetically similar or greate
than that between water vapor and the acrylic-
melamine material. Based on the shape of the curve i
Figure 3, it is suggested that multiplayer adsorptio
("clustering") of water has occurred in this acryli -

EXPERIMENTAL RESULTS

Stability of Exposure Relative Humidity and

Temperature
Relative humidities produced by the method of mixing
dry air and moisture-saturated air were stable during

Table 1-Moisture Content and Water Solubility at Different Relative Humidities of the Acrylic-Melamine Coating Used in this Study
i

Relative Humidity. %-
19.2

0.23 z 0007
0,013 z 00004

72-7O.OO2c

Moisture content (%) .,.' -0.009 ot 001 a

Solubility, .."..,."", -0,0005 ot 0.0007

(Mole H2O/100 g coating)-
(a) The number after the, symbol

0.53 ~ 0008
0.03 ~ 0.0004

1.16 :!: O.OB

0.06 :!: 0.005
1.84 % 0.06 (%)

0.01 % 0.003
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melamine coating. However, the deviation from lineari-
ty (i.e., from the Henry's law behavior) of the curve in
Figure 3, although substantial, is not radical. Such type
of curves, i.e., small positive deviation from the Henry's
law, generally indicates that the number of water layers
adsorbed in the polymer film does not exceed the dimer
leveI.22.23

Atomic Force Microscopy

Figure 4 displays 500 nm x 500 nm topographic and
phase AFM images of an approximately 50-~m thick
coating before exposure. This sample was prepared by
spin casting of the coating in solution on a silicon sub-
strate. The cast film was cured using the same schedule
used for FTIR analysis samples, i.e.; 130°C for 20 min.
The images of Figure 4a were taken from the surface ex-
posed to the air (exterior), and those of Figure 4b were
obtained from the surface that was in contact with the
silicon substrate (interior) during film formation. The
interior surface sample was prepared by first initiating
a cut using a razor blade, followed by peeling using
tweezers. It should be noted that AFM images taken at
high magnification show that the silicon surface is es-
sentially featureless, with no evidence of a surface pat-
tern. For both Figures 4a and 4b, the topographic images
are on the left and the phase images are on the right. The
bright and dark areas in the topographic images corre-
spond to the surface peaks and valleys, respectively.
Except for the surface topographic pattern, the height
images reveal little information about the microstruc-
ture of the interior or exterior surface. However, there
are two characteristic features in the phase images that
need to be discussed because they provide essential da-
ta for the analysis of the degradation mode.

One feature is that the acrylic-melamine coating has
a two-phase microstructure (Figure 4b), consisting of a
matrix that appears bright and interstitial regions dis-
persed throughout the matrix that appear dark. The 500
nm regions that were imaged were very flat, with topo-
graphic changes of less than 5 nm for both the interior
and exterior surfaces. Further, there is no direct correla-
tion between the topographic variations with dark or
bright areas of the phase images. On the other hand, the
phase angle difference between the bright and dark re-
gions in the phase image of Figure 4b is substantial (50°).
These results indicate that the property differences be-
tween the matrix and the interstitial regions of the coat-
ing are significant. High resolution AFM images of the
pitted regions (i.e., microstructure beneath the outer
surface layer) of this coating after exposure to UV /hu-
mid environments also showed a two-phase microstruc-
ture, 19 resemblIng that shown in Figure 4b. Further, our
extensive AFM data of crosslinked amine-cured epoxies
also reveal that, while the exterior surface of the epoxy
samples appears featureless (similar to that observed
for acrylic melamine), the two-phase microstructure of
the interior surface is similar to that observed for the
cryogenically fractured surfaces (bulk) and the UV-de-
graded regions of these materials. These results suggest
that the microstructure of the interior surface (the sur-
face that was in contact with the silicon substrate during
film formation) more truly represents the microstruc-

ture of the bulk than that of the air surface. This is be-
cause the outermost layer of the outer surface is covered
with a thin layer of a homogeneous low surface free en-
ergy layer. as explained later.

Phase differences between regions of a surf~ce
recorded by an AFM have been generally attributed to
differences in the mechanical and/or chemical prop,er-
ties of those regions.18 Softer. more compliant phases
tend to be dark while harder. less viscoelastic phases
tend to be bright.25-27 Following these assignments. it is
believed that the acrylic-melamine coating used in this
study is a heterogeneous material consisting of softer ,re-
gions (dark) dispersed in a harder matrix (bright). A
similar heterogeneous microstructure has been <!>b-
served by AFM for crosslinked amine-cured epoxies.25.28
and crosslinked polyester.29 The microstructure heteto-
geneity of coatings has a great implication on th~ir
degradation mode and mechanism during service.

Another feature of Figure 4 is the higher contrast and
more well-defined microstructure of the interior surface
as compared to that of the exterior surface. This differ-
ence is also indicated by a difference in the phase shift.
which is only 100 for the air side but 500 for the substr~te
side. Such morphological differences between the inte-
rior and exterior surfaces have also been observed, in
other polymer systems.26.30 It should be noted that. be-
cause AFM operates in the near field (i.e.. very close! to
the surface). it detects only the top layer of rigicfly
bound atoms and. thus. does not provide an image of
the layer beneath the outermost surface. Chemical
analysis by X-ray photoelectron spectroscopy (XPS) of
these acrylic-melamine samples shows that the exterior
surface contains 66.7% C and 8.0% N. as compared ,to
64.8% C and 12.1 % N for the interior surface. From these
results. i.e.. the low phase shift and less-defined mi-
crostructure (by AFM). a lower concentration of the ~o-
lar N-containing groups. and a higher concentration of
the low electronegativity (related directly to polaritY)1 C
element. it is suggested that the surface exposed to the
air of this acrylic-melamine film is probably coverbd
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:I

I

poly(DL-lactic acid) (PLA) blends used to control drug
deliveries has been verified by XPS and AFM as due tip
the surface enrichment of the more hydrolytically resist-
ant PLA in the blends.34 Work in our l~boratory also
clearly showed that a layer of enriched poly(vinylidenf
fluoride) (PVDF) is present on the surface of PVDF / acrylic
polymer blends and that this layer is responsible for the
excellent UV resistance of PVDF-based coatings.30.36

Figure 5 presents AFM topographic images of speci~
mens exposed to 70% RH at 50°C for 1264 hr in the ab

~sence of UV light. Pits with lateral dimensions from 1
nanometers to several micrometers formed on the sur
face of this coating. However, pits were detected onl~
after 600 hr of exposure.

D "II '- . 1iiI\.-~!. '... L=~ _i ...1..- !\M,.
I' 'Y ".

b

Figure 4-500 nm x 500 nm topographic and
phase AFM images of the acrylic-melamine
coating films: (a) exterior surface and (b) in-
terior surface. In both a and b, the topo-
graphic image is on the left and the phase
image is on the right. Contrast variation from
black to white; for topographic images in
both a and b: 5 nm; for the phase image.. (a)
10. and (b) 50..

with a very thin .layer of a more homogeneous, lower
surface-free energy material (as compared to the interi-
or). This interpretation is consistent with extensive ex-
perimental data obtained by various surface analytical
techniques showing that the air surface of a multicom-
ponent polymer system is generally enriched with a
lower surface-free-energy component to minimize poly-
mer-air interfacial energy.30-36

The presence of a lower surface-free energy layer on
the exterior surface should have an effect on the degra-
dation behavior of polymer coatings. This is because,
while the bulk coating underneath degrades, the more
inert, hydrophobic thin layer on the exterior surface
may not undergo change until much later. This is the
case for the hydrolysis of the acrylic-melamine coating
used in this study. While the hydrolysis is substantial af-
ter relatively short exposure time (see the FTIR results),
AFM results do not reveal any evidence of surface
degradation, even at nanoscale resolution, until more
than 600 hr exposure (see Figure 5). The difference in the
degradation characteristics between the exterior surface
(as revealed by AFM) and the bulk (as measured by
FTIR-transmission) observed in this study may explain
the lack of a correlation between surface gloss loss and
bulk chemical degradation reported previously for
acrylic-melamine coatings.5 Similarly, the delay in the
hydrolysis of poly(sebacic anhydride) (PSA) and

FTIR Analysis of Coating Hydrolysis at Different
Relative Humidities

Partially alkylated melamine resins are generally
composed of different compounds with different de+
grees of substitutions. In addition to the methoxymethyl
functionality (-CHzOCH3) , a partially methylated
melamine resin also contains substantial amounts of
amino (-NH) and methylol groups (-CHzOH).37 Many
possible reactions can take place during the curing of a
partially alkylated melamine resin with the hydroxy-
terminated acrylic ester used in this study.38 Therefore;
a cured film of partially alkylated melamine-acryliq
coatings contains a variety of groups and linkages that
may affect the hydrolysis of the coatings when they are
exposed to weathering conditions.

IFTIR spectra recorded before and after exposure to
three RH levels at 50°C for 1536 hr are displayed inl
Figure 6a. Because the films were relatively thick (-10
~m), FTIR intensities of several strong absorption bandsl
are substantial. However, except for the high extinction
coefficient (K) C=O band at 1730 cm-1 (K = 0.36), our
analyses at other absorption bands of films havingl
thicknesses from 0.1 to 10 ~m showed little deviation
from the Beer's absorption law. Thus, the use of rela-
tively thick films does not affect our ability to monitor
degradation quantitatively, but rather it allows us to de-
tect and follow subtle change~ in the low IR absorption,
groups and the appearance of new species produced
during exposure. I

The major bands of interest in a cured, unaged coat-I
ing prepared by reacting a hydroxy-terminated acrylic
resin and a partially methylated melamine resin are the
absorptions peaking near 3520 cm-I, due to the OH
group of the acrylic resin, near 3380 cm-I, due to OH/I
NH groups of the melamine resin,39 and at 1085 cm-I"
due to C-O-C groups. The band near 1555 cm-1 has
been assigned to the contributions of three different
groups: triazine ring, CN attached to the ring, and
CHZ.40 Another band frequently used for curing and
degradation analyses of melamine-based coatings is the
band at 910 cm-I, due to OCH3 and semicircle stretch.4o
The band at 1490 cm-I, whose intensity decreases sub-
stantially during exposure to humid conditions with or
without light, has been assigned to the CNH group of
the -NH-CHz-NH- linkages. II

Under the curing condition used in this study (130°C
for 20 min), the samples were fully cured, as evidenced~
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It is evident from Figure 6b that exposure to humid
environments in the absence of UV light can produce a
substantial change in various functional groups ill an
acrylic-melamine coating. The intensities of the band$ at
1085, 1630, and 2960 cm-l (CH stretching) have been
chosen to follow C-O bond loss, primary amine forII1la-
tion, and CH loss, respectively, during exposure to 4 if-
ferent relativE:! humidities. It should be noted that ~e
1085 cm-l band is due to the C-O-C bond of both ~he
acrylic-melamine crosslinks, -N-C-O-R-, and the unte-
acted -N-C-O-CH3 groups in the melamine chaihs.
Acid-catalyzed hydrolysis of this type of ether is v~ry
complex,13.15 ~nd no attempt was made to separate the
contribution of each ether type in the coating used: in
this study. Thus, a change in the 1.085 cm-1 band inten~i-
ty is assumed to be a sum of C-O-C concentration lof
both the acrylic-melamine crosslink and that of the
melamine methoxy group.

Figures 7a-7c display FTIR intensity changes with ttx-
posure time at different RH levels for the C-O loss, Nf-Iz
formation, and CH loss, respectively, of specimens ~x-

Iposed to 50°C in the absence of UV light. In this figure,
the total intensity increase or decrease at a particutar
humidity is due to the sum of post-curing reactio~s
(changes occurring at RH« 1%) and hydrolysis resJlt-
ing from the reactions with water in the film at that p~r-
ticular RH. Figure 7 results show that the extent of bn
three degradation processes (i.e., NHz formation, CfO
loss, and CH loss) increases with increasing RH. :

Figure 8 depicts the hydrolysis rates, along with t~tir
one standard deviation error bars, as a function of ~H
for the three degradation processes. The rates, which clre
expressed as change in FTIR absorbance with expos~re
time (dA/dt) , were taken from the data within a five-
day exposure. The results at« 1 % RH in Figure 8 w~re
the average of four specimens, as indicated in t~e
Experimental section. On the other hand, the rate re-
sults for each of the relative humidities from 19.2 ito
90.8% were the average of 11 specimens, which incl~d-
ed the covered (no-UV) specimen and 10 specimens In-
der the interference filters. The results of specimens ~n-

by the fact that the FTIR intensity of the bands at 910
cm-1 and 2825 cm-1 (associated with the melamine
OCH3) did not decrease further after prolonged heating
at 130°C. It is obvious from Figure 6a (lowest curve) that
the before-exposure; cured film still contained a sub-
stantial amount of unreacted OH groups of the acrylic
resin (3520 cm-lband) and -NH/OH (3380 cm-1 band)
and OCH3 groups (2825 cm-1 and 910 cm-1 bands) of the
melamine resin. These groups undergo further reactions
during exposure to humid environments.

Spectra recorded at a given exposure time for differ-
ent RH levels (e.g.. Figure 6a) may provide some infor-
mation about the influence of moisture on the degra-
dation. However, the effects are more clearly seen in a
difference spectrum where the intensity loss or gain of
certain bands or the appearance of new bands can be
readily observed. Such difference FTIR spectra for
samples exposed for 1536 hr at five different RH levels
are presented in Figure 6b. These spectra were obtained
by directly subtracting the spectrum of the unexposed
specimen from the spectrum of the exposed specimen.
Because the spectra were collected at almost the same
location of the samples by the autosampler. error due
to sampling at different exposure periods was mini-
mal. In Figure 6b. the intensity of numerous bands in
the regions from 3050 to 2750 cm-1 and from 1600 to
900 cm-1 decreases. while the intensity in the regions
from 3100 to 3400 cm-1 and from 1710 to .1580 cm-1 in-
creases. Several new bands and shoulders also appear.
including those near 1705 and 1630 cm-l, which are as-
signed to the C=O stretching of acids and NH bending
of primary amines. respectively. The acid formation
can also be seen in the OH stretching of carboxylic
acids. which extends from 2550 to 3600 cm-l. On the
other hand. the 1630 cm-1 band assignment is consis-
tent with those given in the literature for primary
amines.41 It should be noted that the difference FTIR
spectra of the same coating exposed to condensing hu-
midity at 50°C for 60 days (not shown) also showed
similar band formation and depletion to those dis-
played in Figure 6b; that is. the formation of primary
amines at 1630 cm-1 and carboxylic acids at 1705 cm-1
and the loss of ether linkages (1805
cm-1 band). More complete assign-
ments. including the bands formed
during degradation, are presented
elsewhere. II

Even under very dry exposure
conditions «< 1% RH). this model
coating underwent changes. as evi-
denced by the decreases in the inten-
sity of the bands in the regions be-
tween 3000 and 2800 cm-1 and
between 600 and 900 cm-l. These
changes were probably caused by
the hydrolysis reactions during ex-
posure to this condition. The water
molecules required for this hydroly-
sis were probably supplied by sever-
al water-producing reactions taking
place during this post-curing. .in-
cluding the self-condensation reac-
tions.38.39

bIi

Figure 5-700j1m x 700j1m2D (a) and 3D (b) topographic AFMim-
ages of the acrylic-melamine coating film exposed to 70% RH at
50°C for 7264 hr.
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der the interference filters were included for the analy-
sis because only hydrolysis (i.e., no photodegradation)
was observed to occur on these specimens during the
first five days of exposure, which was the period used
for determining the hydrolysis rates. The larger error
bars for the CH band are due to the small change in the
IR intensity of this degradation process. The specimen
exposed to the full UV condition underwent a substan-
tial photodegradation at all RH levels, even at early ex-
posure time,ll and, thus, was not used for the analysis.

Except for the low RH levels «< 1% and 19.2%),
where the rate is nearly constant with time, the hydrol-
ysis rates at other RH levels are rapid at the early expo-
sure stage and then slow down at the long exposure
times. Bauerl3 also observed a decrease in the hydroly-
sis rate of partially alkylated melamine-acrylic coatings
at long exposure times, and attributed the decrease to
the different reactivities of different methoxy groups in
the melamine resin. The most reactive methoxy groups
hydrolyze first and the less reactive groups are con-
sumed later, leading to the slowing down of the reaction
rate at longer exposures. Figures 7 and 8 show that both
the rates and extents of the three degradation processes
increase with increasing RH. However, the rates of NH2
formation are greatest and those of CH consumption are
lowest, among the three processes. The rate difference
between the primary amine formation and the ether loss

is probably due Ito more than one reaction taking place!
for the latter prrocess, in which the crosslinked ether!
groups were both consumed and generated at the same!
time during hydrolysis (see Mechanism section).

a

DEGRADATION MODE

It has been generally believed that the degradation of
polymeric coatings is a homogeneous process in which
the loss of material is uniform across the surface of the'
sample. However. the AFM images shown in Figure 5'
and other AFM results in reference 19 indicate that the
degradation of an acrylic-melamine coating exposed to
a humid environment in the absence of UV light is local-I
ized and inhomogeneous. Hydrolysis initiated at isolated
locations followed by pitting at these initially degraded!
areas. The pits then deepened and enlarged with expo-!
sure time, with essentially little increase in the number
of pits. The same localized degradation mode is ob-
served on the same coating that was exposed to humid-!
ity in the presence of UV light. except that the pits are
deeper and their radii are larger. 19 The same pitting phe-'
nomenon has also been observed for acid-catalyzed hY-1
drolysis of poly(orthoester) and poly(anhydrides)42.43
and base-catalyzed hydrolysis of polyester.27 Similar to'
our result for acrylic-melamine coatings. AFM results of'
these studies showed that pits are formed at certain
sites; pits then enlarge and deepen from these sites. And
finally. pit formation at the nanometer to micrometer
sizes detected by AFM at the early hydrolysis stages for
this material is similar to the natural etching (pitting) re-
ported for acrylic-melamine coatings exposed to acid!
rain environments or acid rain-rich outdoor loca-
tions.1.3.4

Localized degradation seen in the AFM images i
~hown in Figure 5 supports our belief that hydrolytic,
degradation of an acrylic-melamine coating initiates at I
the hydrophilic (as defined in the following discussion) !
areas of the film. The hydrolysis then expands from
these areas following an autocatalytic process. This pos- !
tulation is consistent with the fact that both the water i
uptake and the diffusion rate of water in a highly!
crosslinked material or region are low and that hydrol-!
ysis reactions of organic compounds in a neutral envi-
ronment are very slow. This conjecture is similar to that i
proposed by Nguyen et al.44 for the formation of con-
ductive pathways in polymer coatings on steel during I
exposure to electrolytes. Such conductive pathways. i
which are also believed to develop in the hydrophilic.
water-susceptible regions of the coatings. are responsi-
ble for the direct transport of ions from the environment
to the metal surface. leading to accelerated corrosion of
metals protected by an intact organic coating. i

The inhomogeneous degradation mode may be ex-I
plained by the heterogeneous microstructure of this ma-'
terial as shown in Figure 4 and of a variety of organic I
coatings, which have been well documented. Karyakina I
and Kuzmak45 have reviewed and discussed in detail
heterogeneity of polymers and coatings and have con-
cluded that polymer coatings generally consist of micro-
gels connected via a spatial network. Bascom46 has pro-
posed that heterogeneity in polymers is formed

Figure 6-(a) FTIR spectra of specimens be:
fore and after exposure to three relative hu-
midities at 50.C in the absence of light and
(b) difference FT/R spectra for several RH lev-
els at 50.C for 7536 hI:
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because, as the high molecular mass segments polymer-
ize and terminate to form a network, some unreacted
and partially polymerized materials are unable to
merge into the homogeneous structure and are left at
the periphery of the network units. Early microscopic
studies of epoxy, phenolic, and phthalate resins re-
vealed that the microstructure of these materials is not
homogeneous but is comprised of high-density nodules
separated by narrow interstitial regions of lower molec-
ular mass material.47-5o For thermoset epoxy, the intersti-
tial regions behave like a liquid material,47 and the vol-
ume fractions of the two regions can be estimated by
modeling. 50 Such two-phase structures for a variety of
amine-cured epoxies and a polyester are clearly evident
from recent high lateral resolution AFM phase imaging
studies.25.26.51 The first direct chemical evidence of inho-
mogeneity in a thermoset film was provided by a recent
investigation using a high-resolution near infrared mul-
tispectral imaging technique. 52 This study showed that
the reaction rates within an epoxy sample are very inho-
mogeneous and the difference in the degree of cure at
different locations can be as high as 37%.

The most intensive study of film heterogeneity and
how it affects the protective performance of organic
coatings was performed by Mayne and his coworkers.53-55
Using microhardness and DC resistance measurements,
they have identified a ..conducting polymer phase,"
which they termed D type, in a variety of coating films.
The D type regions are softer, swell more, and have a
lower crosslinking density than the rest of the film.
Corrosion of organic-coated steel has been observed di-
rectly beneath the D type regions. Mills and Mayne pos-
tulated that the D type regions are formed by partially
polymerized or ..dead" molecules, which are present in
the resin before casting. During curing, these molecules
congregate, and due to their low functionality, do not
crosslink to the same extent as the rest of the film.55 The
water sorption and transport characteristics of the D ar-
eas have been found to be similar to those of a hydro-
philic, ion-exchanged membrane56.57; that is, they take
up a large amount of water (45-75%) and have a high
ion diffusion coefficient. The existence of the low resist-
ance, D type regions in phenolic, polyurethane, and
alkyd coatings has been confirmed by array electrode
technique. 58 A water extraction study also showed that
cured films of alk~d and epoxy ester lose about 4-5% of
their initial mass, 9 clearly indicating that these coatings
contain low molecular mass, water-soluble materials.

All these referenced studies point to a conclusion that
most, if not all, thermoset coatings are inhomogeneous
materials consisting of low molecular mass, low
crosslink, and soft regions (designated as hydrophilic
regions) dispersed in a highly crosslinked network
structure. During exposure to aggressive environments,
pores or pits are believed to initiate and develop in the
hydrophilic regions of the films. Direct evidence to sup-
port the view that pit formation starts at the hydrophilic
regions is from a recent study of hydrolyzable/nonhy-
drolyzable polymer blends exposed to hydrolytic envi-
ronments.60 AFM images of this study clearly showed
that pits initiate and develop at the locations occupied
by the hydrolyzable polymer. The postulation that poly-
meric coatings consist of hydrophilic regions dispersed

Figure 7-t-FTIR intensitychahges as a function
of expo~ure time for five RH levels at 50.C in
the absence of light: (a) C-Q band at 7.085
cm-1, (b) NHz band at7.630cm-1, and (c) CH
band at 2960 cm--1.

in a crosslinked network and that hydrolytic degrada-
tion mostly occurs in the hydrophilic regions is also~x-
perimentally demonstrated by scanning electron mi-
croscopy (SEM), small angle neutron scattering (SAN$),
and transmission electron microscopy (rEM) stud-
ies}5,59 For example, SEM results obtained during wa~er
sorption in a number of crosslinked polymers clea~ly
showed that water does not diffuse uniformly in th~se
materials, but in regions along the boundaries of t~e
network units.45 Similarly, SANS and TEMresults cle~r-
ly revealed that the hydrophilic carboxylic acid com-
pounds in carboxylated styrene-butadiene latexfilrps
mostly concentrate at the particle-particle interface and
that water transport in these latex films is mainly alo~g
the hydrophilic interface, and not through the
crosslinked particles. 59

For acrylic-melamine coatings, such an heteroge-
neous structure is schematically illustrated in Figurei9,
which shows hydrophilic (hydrolysis-susceptible) ~e-
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gions dispersed in a highly crosslinked network. The
hydrophilic regions in this coating are believed to con-
sist of hygroscopic compounds. including melamine
methylo]s and acrylic acid. and hydrolysis-susceptible
materials. such as low molecular mass melamine
methoxy and low molecular mass. partially crosslinked
molecules. Since the low molecular mass.' low
crosslinked molecules in the hydrophilic regions con-
tain a variety of polar groups. such as OH and NH. it is
expected that these groups exist in these regions as
highly hydrogen bonded molecules. In Figure 9. the hy-
drogen bonds are represented by the dotted lines con-
necting the electronegative 0 and N atoms with the
hydrogen atoms. During exposure to humid environ-
ments, water enters the acrylic-melamine films predom.
inantly at the hydrophilic sites, probably through both
concentration-gradient diffusion and osmotic-driven
transport. The latter process is due to the presence of
hygroscopic materials. Hydro]ysis then takes place in
the hydrophilic regions. forming the initial pit sites.

The proposed chemically heterogeneous structure of
acrylic-melamine coatings shown in Figure 9 is consis-
tent with the concept advocated by Bascom46 and
Mayne53-55 that the low molecular mass. low density,
partially crosslinked materials that are responsible for
the Joss of protection of organic coatings during expo-
~ure to electrolytes are located at the periphery of the
crosslinked units. On the other hand. the postulation
that hydrolysis is more likely to take place in the low
molecular mass. partially crosslinked. hydrophilic re-
gions. and not in the highly crosslinked network. is
strongly supported by Berge et al.15 hydrolysis studies
of alkoxy melamine compounds in solutions. They re-
ported that. in mild acid conditions. the ether group of
a monosubstituted amino (NH-CHzOR). which is simi-
Jar to the partially crosslinked chains in an acry]ic-

melamine coating. hydrolyze rapidly. However. the ether
groups of a disubstituted amino (ROH2C-N-CH2OR).
which is similar to the fully crosslinked structure of an
acrylic-melamine coating. undergo little hydrolysis in
mild acid conditions.

As indicated earlier. the exterior surface of this coat-
ing is probably covered with a thin layer of a lower sur-
face-free energy material to minimize the polymer-air
interfacial energy. The fact that AFM images reveal pit
formation and development suggests that the exterior
surface of this coliting probably underwent a rearrange-
ment during exposure to humid environment. schemat-
ically displayed in Figure 10. The phenomenon of a hy-
drophobic surface enrichment. which subsequently
undergoes Tadical surface rearrangement when chang-
ing the contact medium from air to water is commonly
observed for many polymers. including polyurethanes
and polyamines35.62; a brief review on the subject is giv-
en in reference 35. The apparent driving force for the
surface rearrangement is the .formation of a water-hy-
drophilic interface. According to Figure 10. a thin low
surface-free energy layer initially covers the outer sur-
face of the acrylic-melamine coating film. When this
coating is exposed to a humid/water environment. the
thin hydrophobic layer on top of the hydrophilic re-
gions becomes unstable and ruptures (dewetting).35 The
dewetting continues with exposure. gradually exposing
the hydrophilic regions of the film to the water vapor
environment. Pits initially form at these exposed hy-
drophilic regions. as illustrated in Figure 10. It is noted
that, except for a difference in the compoSition and dis-
tribution of the hydrophilic material, the scheme shown
in Figure 10 is similar to that proposed by Tezuka et al.35
for the rearrangement of the polystyrene-enriched layer
on the surface of polystyrene (PS)-poly(vinyl alcohol)
(pYA) block copolymers when these materials are ex-
posed to water.

It is easy to comprehend why hydrolysis reactions
initiate at the hydrolysis-susceptible regions of the film.
Howevcr. this could not explain why the degradation
expands from these initially hydrolyzed locations. as
observed in this and other studies,42.43 instead of form-
ing new sites. We believe that the deepening and broad-
ening of the pits is a result of an acid autocatalyzed hy-
drolytic process taking place at the initiated pit sites.
where the increased acidity is provided by the hydroly-
sis products. Substantiation for the pit deepening of
acrylic melamine being an autocatalytic process comes
from two sources. First. the band at 1705 cm-l. due to
C=O of carboxylic acids. in the spectrum shown in
FigUI'f 5b indicates that acids were generated during the
hydrolysis of this coating (see the Mechanism section
for the reactions). Second. the incre~sed acidity in pores
and pits formed during hydrolysis of other polymers
has been measured.42 Using a pH-sensitive dye in com-
bination with fluorescence scanning confocal mi-
croscopy. this study obtained a pH of 5.7 at a depth of
approximately 200 Jlm in the pits formed on the surface
of polyanhydrides. as compared to a pH of 7.5 for the
exposed solution.

It is likely that the acidity within the pits of acrylic-
melamine coatings is high, as evidenced by the high in-
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provide a more definitive understanding on the mode
of hydrolytic and other types of coatings degradation.

MECHANISM
FTIR spectral resuJts given in Figure 6b show that the
hydroJysis of a partiaJJy methyJated meJamine acrylic
coating result in. among others. loss of the ether bonds
(C-O at 1085 cm-1 band) and formation of primary
amines (NH2~ t 1630 cm-1 band) and carboxylic acids
(C=O at 1705 m-1 band). The pathways responsible for

the depJetion fthe C-O Joss probably occur by thefoJ-
Jowing reactio SI3.15:

1) Tr--NH-CH2iO-CH3 + H2O ~ Tr--HN-CH2-OH + CH3OH
a)

I

2) Tr--NH-CH2~O-R + H2O ~ Tr--HN-CH2-OH + ROH
aI) I

where Tr is the triazine ring. R is the acrylic resin chain.
and the compounds in the Jeft hand side of reactions 1
to 2 (structure$ I and II) are the poJymer chains present
in the cured film. as shown in Figure 1.

Reactions 1 and 2 proceed by protonation of the ether
oxygen atom t<:> form meJamine methylols. Disubstituted
amino chains (secondary ether). such as structures III
and IV.

CH _n-CH2 '1 3 CH2-O-R
Tr--N (III) and Tr--N OV)

CH?-O~R CH -Q-R
.2

i

which are abul1ldant in the film. as shown in Figure 1. ~I-
so undergo hydrolysis to form two methylol groups per

tensity of the 1705 cm-1 band for RH levels from 19.2 to
90.8% (Figure 6b). We believe that the high acidity gen-
erated by the hydrolysis reactions in the degraded areas
accelerates the rate of hydrolysis in the pits, and that
this harsh environment attacks the nearby polymer
chains. This autocatalytic activity explains the deepen-
ing and enlargement of the existing pits, rather than for-
mation of new pits. with exposure time. Autocatalytic
hydrolysis has also been attributed as the main reason
forthe pit deepening and enlargement in other polymer
systems.42

Other contributors to the pit deepening and broaden-
ing include the penetration of ac.ids generated during
hydrolysis into the polymer matrix. For example, the
rate ofpo)y(orthoester) erosion was reported to depend
strongly on the types of acids.G3 In hydrophilic acids,
such as HC1, the hydrolysis reactions were observed to
occur only on the sample surface. But the hydrolysis
rate in the presence of hydrophobic acids, such as per-
chloric acid, increased many fold, and the attacks were
both on the surface and beneath the surface. Another
contributing factor may be the rate of water transport to
the reaction sites. Hydrolysis is a bimolecular reaction
in which water and the labile functional groups are in-
volved. Therefore.. the reaction rate is determined by the
concentration of both reactants, i.e., the more water
there is present.in the reaction zones the higher is the re-
action rate. Since the pitting areas contain mostly polar
materials, e.g., short chain starting compounds and hy-
drolysis products, they likely attract a high amount of
water into these areas and, thus, increase the degrada-
tion rates. Finally, in order for pits (holes) to form in the
sample, as shown in Figure 5, the hydrolysis products
must decompose to form gases or diffuse away from the
pit sites. The overall degradation
rate at the pits is, therefore, con-
trolled by a number of complex
factors, includ.ing the pH in the
pits, the types and molecular
masses of hydrolyzable mo)e-
cules, polymer microstructure,
rate of water transport into the
pits, and the rate at which degra-
dation products are removed
from the pits.

Information on the degrada-
tion mode and the nature of the
regions where hydrolysis reac-
tions occur should help to design
more hydrolytically stable coat-
ings. The mode of degradation
proposed in this study, which is
based mainly on the experimental
evidence of nanoscale coating mi-
crostructure, extensive literature
of corrosion of polymer-coated
steel.. and knowledge of polymer
degradation chemistry, is prelimi-
nary. Hopefully, future research
on chemical identification and
characterization at nanoscale of
the heterogeneous pomains and
degraded regions of coatings will
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Figure 9-A sch~matic presentatIon showing the hydrophilic regions
and crosslinked network for a parially methylated melamine-acrylic

coatIng. I
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ing. This is clearly demonstrated by the substantial in-
crease of the primary amine band at 1630 cm-J (Figures
6b and 7b) and very small increase in intensity of the
band at 1350 cm-J (Figure 6b), due to melamine-
melamine linkage.J3 The 50°C temperature used in this
study should accelerate this reaction, i.e., reaction 3.

The formation of carboxylic acids, as observed by the
band at 1705 cm-J, probably occur by the following re-
actions64:

4) 2CH2O + O2 -4 2HCOOH (formic acid, 1705 cm-I).

The initial oxidation product is a peroxycarboxylic acid
(HCO-OOH), which reacts readily with another formal-
dehyde to yield two molecules of formic acid. In the pres-
ence of water, acids may be formed by the pathway65;

5) CH2O t:; <::H2(OH)2 ~ HCOOH
H2O 10) fast

Reaction 5, which is fast, may be favored inside the pits
because of the hygroscopic characteristics of the com-
pounds in these locations, which adsorb much more
water than the material outside the pits. Another source
of acid formation is hydrolysis of the ester groups that
were formed by the reaction between the acrylic acid
and the hydroxy-terminated acrylic resin taking place
during curing. The ester formation is clearly seen by
FTIR spectroscopy. II

A number of pathways for the hydrolysis of acrylic-
melamine coatings, several of which produce amines has
been presented previously.13 Howeyer, the formation of
primary amines and acids has not been discussed.

melamine chain,I5 However. because of the hydrogen on
the N atom, monosubstituted amino chains (primary
ether) of melamines (i,e., structures 1 and II) hydrolyze
30 to 40 times faster than disubstituted amino chains,13-15
Since the hydrolysis rates of monosubstituted amino
chains are much greater than those of disubstituted
amino chains, it is reasonable to conclude that the rapid
loss of the C-O bonds at 1085 cm-1 bands at the early ex-
posure stage shown in Figures 6 and 7 was due mainly
to the reactions 1 and 2.

The appearance of the primary amine band at 1630
cm-1 probably follows the pathways shown in reaction
3, where the melamine methylols generated in reactions
1 and 2, being primary alcohols, deformylate readily to
form primary amines and aldehydesl5;

3) Tr--HN-CHz-OH (from Rx 1 and 2) -?
fast

Tr--NH2 + CH2O
(Primary am~e. 1630 em-i)

In this case. the methylol group is activated by the addi-
tion of a proton to the N-atom in the side group to
which the methylol is attached. Since formaldehyde
formed in the exposure chamber was either removed or
readily oxidized to form acids (see reactions 4 and 5). re-
action 3 is irreversible. The disubstituted amino methy-
lols (that is, the hydrolysis products of structures III and
IV) do not undergo deformylation to form primary
amines}5 Therefore. the intensity increase attributable
to the primary amines formed during exposure in hu-
mid environments (e.g.. Figure 7) was essentially due to
the deformylation of monosubstituted amino melamine
methylols that were generated from reactions 1 and 2.
The formation of volatile methanol in reaction 1 and the
escape of some formaldehyde molecules produced in
reaction 3 probably account for most the CH losses at
2960 cm-1 during hydrolysis of acrylic-melamine coat-
ings observed in Figure 7 c.

The methylols formed in reactions 1 and 2 can also
self-condense to form melamine-melamine linkages.13
However. we believe that reaction 3 was the main path-
way in the absence of UV radiation for this model coat-

SUMMARY AND CONCLUSIONS

Acrylic-melamine resins are widely used for automobile
exterior coatings. However. these materials are known
to be susceptible to hydrolysis. Despite extensive re-
search on etching and hydrolysis. there is little informa-
tion on the mode of degradation for the hydrolysis of
these materials exposed to water vapor in the absence of
UV light. This study presented the mode and specific
pathways for the hydrolytic degradation of a partially
methylated melamine-acrylic coating exposed to differ-
ent relative humidities in the absence of UV light: The
coating was prepared by reacting a partially methylated
melamine resin and a hydroxy-terminated acrylic resin.
Samples of cured film on a CaF2 substrate were subject-
ed to five different RH levels ranging from approxi-
mately« 1 % to 90.8% at 50°C for more than 60 days us-
ing specially designed exposure cells. Coating degradation
as a function of exposure time was measured using
transmission Fourier transform infrared spectroscopy
and tapping mode atomic force microscopy. The follow-
ing conclusions are made:

(a) In the presence of moisture and without UV
light. partially methylated melamine-acrylic coatings
hydrolyze quite rapidly. resulting in considerable mate-
rial loss and formation of various functional groups in
the film.

(b) The rate of hydrolysis. which increases with in-
creasing RH. is rapid at the early stage and slows down
at long exposure time.
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(c) Hydrolysis of the crosslinks and melamine
methoxy groups from monosubstituted amino chains
are primarily responsible for the degradation of partial-
ly methylated melamine-acrylic coatings exposed to
moist environments in the absence of light.
Disubstituted amino chains (i.e.. fully alkylated
melamine chains) hydrolyze very slowly and contribute
little to the hydrolytic degradation.

(d) The primary products formed during hydrolysis
in the absence of UV light are primary amines and
formic acid. Primary amines are formed by the de-
formylation of monosubstituted amino methylols pro-
duced by the hydrolysis, and formic adds are generated
by oxidizing formaldehydes generated by the methylol
deformylation.

(e) Hydrolytic degradation is an inhomogeneous
process where pits, which form locally, deepen and en-
large with exposure time. Such localized degradation is
a result of an autocatalytic process in which acidic hy-
drolysis products accumulated in the pits catalyze and
accelerate the hydrolysis reactions.

Information on the specific mechanism and mode for
the hydrolytic degradation of acrylic-melamine coat-
ings is essential for understanding the controlling fac-
tors responsible for the failures and for developing ac-
curate methodologies to predict the serVice life of these
coatings. Further, a clear understanding of the nature of
the regions where hydrolysis occurs and of the ensuing
degradation process as offered in this study should help
to design more hydrolytically resistant coatings.
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